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J. D. Voorhies, J. S. Mayell and H .  P. Landi 

C e n t r a l  Research Divis ion,  American Cyanamid Company 
Stamford, Connecticut 

The complete e lec t rochemica l  ox ida t ion  of simple hydrocarbons such 
a s  propane t o  C02, protons and e l e c t r o n s  can be accomplished i n  aqiieous 
e l e c t r o l y t e s  with t h e  proper  conbinat ion of c a t a l y s t  and temperature  (1, 2). 
I n  fliel ce l l  ap? l ica t ions ,  a n  a c i d i c  electrolyte i s  usua l ly  required t o  r e j e c t  
t h e  CO:, produced a t  t h e  anode, and a moderate temperature i n  t h e  range of LOO t o  
2OO0C is necessary f o r  a n  apprec iab le  anode r e a c t i o n  r a t e .  
of t e n p e r a t u r e  and a c i d i t y ,  anodic  and chemical cor ros ion  of e l e c t r o c a t a l y s t s  can be 
severe.  

Under t h e s e  condi t ions 

These adverse c o r r o s i o n  condi t ions l i m i t  t h e  choice of  e l e c t r o c a t a l y s t s .  
I n  t h i s  inves t iga t ion ,  some noble metals  of Group VI11 a s  pure metals ,  b inary  
chemical codeposi ts  and chemical ly  reduced d e p o s i t s  on conductive s u b s t r a t e s  a r e  
considered.  The objec t  of t h i s  study was t o  eva lua te  t h e  cont r ibu t ion  of t h e  
chemical and physical  p r o p e r t i e s  of t h e s e  e l e c t r o c r t a l y s t s  t o  t h e i r  a c t i v i t y  i n  t h e  
d i  -ec t  propane anode. 

Two condi t ions of e l e c t r o l y t e  and temperature  were chosen, namely 859 €l-,P04 
a t  140°C and 3E €I$O4 a t  95°C. 
e l e v e l  of a c t i v i t y  almost s u f f i c i e n t  f o r  p r a c t i c a l  f u e l  c e l l s .  The second set  of  
condi t ions  represents  a n  o b j e c t i v e  i n  terms of  reduct ion  of genera l  corrosion,  b e t t e r  
conduct iv i ty  and poss ib ly  a s u p e r i o r  oxygen e l e c t r o d e  f o r  combination with t h e  hydro- 
carbon 8-e. Unfortunately,  the  temperature c o e f f i c i e n t  of t h e  propane anode current  
,goivg from 150 t o  95°C i s  s o  l a r g e  t h a t  t h e  maximum anode parer  ( m i l l i w a t t s  cm-2) 
r a p i d l y  drops below a p r a c t i c a l  l e v e l .  Anodic measurements i n  3N_ H2S04 have been 
useful., however, i n  e v a l u a t i n g  e l e c t r o c a t a l y s t s ,  p r i n c i p a l l y  because of a very 
c h a r a c t e r i s t i c  l i m i t i n g  c u r r e n t  dens i ty .  

Experiment 2 1 

Unaer t h e  f i r s t  of t h e s e  condi t ions,  propane has  shown 

A l l  t e s t  e l e c t r o d e s  consis ted of 8 poly te t ra f luoroe thylene  ( P m )  bonded 
c a t a l y s t  l ayer  s i m i l a r  t o  t h o s e  descr ibed previously (3 ,  i), a porous PTFE backing 
and a 45 mesh platinum c o l l e c t o r  screen.  These t h r e e  l a y e r s  were canpressed i n t o  
a laminate  as  shown i n  F igure  1. Propane gas was f e d  through t h e  electrol:fie imcermeable 
backing t o  t h e  catalys't l a y e r .  
in t imate  contac t  of r e a c t e n t  ? a s ,  l i q u i d  e l e c t r o l y t e  and s o l i d  e lec t roca ta l? rs t .  
c o l l e c t o r  sc reen  serves  t o  c a r r y  t h e  cur ren t  from t h e  e l e c t r o c a t a l y s t  t o  t h e  e x t e r n a l  
c i r c u i t .  

The anode r e a c t i o n  occurs i n  t h i s  l a y e r  by v i r t u e  of 
The 

The t e s t  c e l l  was a spontaneous propaneloxygen c e l l  opera t inq  under 
cont ro l led  r e s i s t i v e  load .  
re ference  e lec t rode  z t  room temperature  using t h e  same e l e c t r o l g t e  a s  i n  t h e  test c e l l .  
Connrction t o  t h e  t es t  c e l l  was made tkt-ough a br idge  and c a p i l l a r y  system shown i n  
Figore 2. 
load s e t t i n g .  
t h e s e  p o t e n t i a l  readings were u n s t a b l e .  
technique us ing  the  Wenking 61R p o t e n t i o s t a t  agreed w e l l  with those  measured by t h e  
cont ro l led  r e s i s t i v e  load technique.  

Anode p o t e n t i a l s  were measiired with r e s p e c t  t o  a hydrogen 

'Poten t ia l  readinEs were obtajned a f t e r  t h r e e  minutes a t  each r e s i s t i v e  
I n  t h e  reg ion  of  t h e  l i m i t i n e  c u r r e n t  observed i n  32 H2S04 a t  95"c, 

Limit ing c u r r e n t s  measured by a p o t e n t i o s t a t i c  
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A c a r e f u l  procedure f o r  operat ion of t h e s e  anodes was es tab l i shed  i n  
order  t o  provide meaningful and reproducible  va lues  of anode p o t e n t i a l  and 
l i m i t i n g  c u r r e n t  dens i ty .  
p r e t r e a t n e n t  of t h e  anodes c o n s i s t i n q  of high r a t e  anodic oxida t ion  of propane 
followed by open c i r c u i t  e q i i i l i h r a t i o n  with propane t o  a n  anode p o t e n t i e l  of eboiit 
+Q.l v o l t  versus  t h e  bydroqen e l e c t r o d e ,  addustment of  t h e  propane f l o w  r a t e  end 
c a r e f u l  pos i t ion ing  of t h e  p o t e n t i a l  measuring c a p i l l a r v  a t  t h e  c e n t e r  of end 
touchin,- t h e  c o l l e c t o r  screen.  
t o  provide t r o t e r  for t h e  anode r e a c t i o n  and maintain a cons tan t  e l e c t r o l y t e  compo- 
s i t i o n .  
limitin.: c u r r e n t  d e n s i t i e s  5 1 n A  cn-7. 

C e t a l y s t  Prepara t i  on 

This  involved reproducjble  prepara t ion  of t h e  e l e c t r o d e s ,  

The c e l l  contaiqed e volume of e l e c t r o l y t e  s i i f f j c i e q t  

The r e p r o d u c i b i l i t y  of anode p o t e n t i a l s  was about 2 10 mv and of t b e  

Boroh:.drir?e reduct ion  of t h e  ch loro  complexes of t h e  noble metals  wes 
frecluently used t o  prepared c a t a l y s t s .  5 t o  10% emieoi-s s o l u t i o n s  of NaBk were 
zdded d r o p i s e  ( 3  t o  6 ml/min) t o  s o l u t i o n s  of t h e  noble meta ls .  In general ,  t b e  
reduct ions  were c a r r i e d  out  wi th  t h e  maximum poss ib le  d i l l i t i o n  of t h e  equeous r e a c t i o n  
mixtures  and maximum r a t e  of a d d i t i o n  cons is teq t  v i t b  t h e  s i z e  of t h e  samples t o  be  
? r e p  .ed. For  depos i t ion  of platinum onto a conductive support ,  t h e  sunport m a t e r i a l  
v e s  f i r r t  suspended i n  w te -  v i t 5  s t i r r i n g .  Then a s o h t i o n  of  c h l n r o p l a t i n i c  a c i d  
'13s pdded an6 a l l a r e d  t o  contac t  t h e  suspension for a b o i t  15 t o  30 minutes T r i o -  t3 
tr8e i n i t i a l  borohydride eddit!on. -411 f inisFed cs te l -qs t s  were ire-: ed carafull.7 t o  
removr res idue1  s a l t s .  

A n d e  P o l a r i z a t i o n  a t  Platinum Black 

Anodic p o t e n t i a l  versiis cur ren t  d e n s i t y  p l o t s  which a r e  r e p r e s e n t a t i v e  o f  
I n  32 H$04 a t  9 5 ° C .  t h e  behvi -or  of platinum bleck/propane a r e  s h m n  i n  F i p i r e  3. 

i! .well def ined 1 5 m i t i q  c u r r e n t  d e n s i t r  of 28 mA cm" (geometr ic  cur ren t  d e n s i t y )  i s  
oSservcd -:or 20 rn.? CF-2 of platinum black.  However, t h e  s i t i : a t i o n  is not t y p j c s l  
i n  t h e t  e r r p i d  decrease 5.3 a n d e  ciirrent j s  observed when t h e  enode p o t e n t i e l  ~ t t s j n s  
v a l i z s  r.h?ve + 0.6 v o l t  versus  E.3. 
r e y  j n l ; i ' o i t  t h e  propane enode process  ( 5 ) .  
t o  t h e  point  E t  which t h e  a?.cde p o t e n t i a l  chenses by more t!!t!n aboiJt 0.1 v o l t  per  
1 ml! cm-2 chcnee i n  c i i r reyt  riensity. 

I n  t h i s  region platirxiim si i r fece oxide forna t ion  
m e  l imi t in? ;  c3,irrents c i t e d  here in  r e f e r  

Tk!e source of t k e  l i .mi t in5  ciyrrent i n  32 €?,SOn is  bel ieved t o  be some 

A d i f f u s i o n z l  l i m i t a t i o n  would be approximately descr ibed by a modi f ica t i  on 
s t e p  i n  tb,e e l e c t r o d e  sur face  process  r a t h e r  tkan  mess t r a n s p o r t  of propane t o  t?.e 
sur face .  
.of t h e  TIernst d i f f u s i o n  la:ier e q i e t i o n  (5), 

id  = e 
A 

Yvhere 
id = d i f f u s i o n  l imi ted  cur ren t  d e n s i t y  ( A  cn-2) 

D = d i f f u s i o n  

5 = di f f i i s ion  loyer  th ickness  ( c m )  

n = Farrdeys per mole = 20. 

c o e f f i c i e n t  of propane ( c m - 2  sec-9 

Since t h e  r e p 1  e l e c t r c d e  Ere8 i s  ahout LOO0 tj.mes t b e  geometric area by an e l e c t r o -  
cb,emicel measurement of s i i r fsce Free (I), and es t imates  of C and D a r e  2 x 10-7 
noles /cc  2nd h x 10-5 cm2 sec-l respec t ive ly ,  t h e  est imated d i f f u s i o n  l a y e r  th ickness  
f o r  id = 28 xrJ. cm-2 i s  2 cm. 
rr,e,z;njtude. 
i n  3% H,SO+ e t  9 5 ° C .  

"his is  obvio1Tsly t o o  t h i c k  by about two orders  of 
The conclusion i s  t h a t  t h e  l i m i t i n g  c u r r e n t  is  not d i f f i i s ion  cont ro l led  
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I n  85% H$04 a t  140"C, t h e  anode p o l a r i z a t i o n  curve shows no l i m i t i n g  
c u r r e n t  i n  t h e  region of spontaneous discharge of t h e  propane/oxygen c e l l  
(< 200 mA cm-2). 
of  m e r i t  f o r  a n  e l e c t r o c a t a l y s t  and i s  used a s  such i n  Tables I and 11. 
z a t i o n  curve f o r  t h e  oxygen cathode i n  85$ H$o4 a t  140°C i s  a l s o  shown i n  Figure 3. 

Unsupported Noble Metal C a t a l y s t s  

The anode p o t e n t i a l  a t  20 mA cm-2 provides a meaningful f i g u r e  
A p o l a r l -  

Severa l  platinum group noble meta l  c a t a l y s t s  a s  s i n g l e  meta ls  o r  borohydride 
reduced b i n a r y  ccdeposi ts  were subjec ted  t o  anode p o l a r i z a t i o n  tests. The r e s u l t s  
a r e  shown i n  Table I. BET s u r f a c e  area measurements a r e  included t o  show t h a t  t h e  
source  of v a r i a t i o n s  i n  performance is  genera l ly  not t h e  gross sur face  a rea  of  t h e  
c a t a l y s t .  It may be argued t h a t  t h e r e  a r e  l a r g e  d i f f e r e n c e s  i n  t h e  r e a l  e l e c t r o a c t i v e  
8re8 f o r  propane oxida t ion  which account f o r  t h e  observed d i f f e r e n c e s .  This  reasoning 
i s  d i f f i c u l t  t o  r e f u t e  without  f u r t h e r  s t u d i e s ,  e s p e c i a l l y p o f  propane adsorpt ion.  

I n  Table I, platinum i s  t h e  most e f f e c t i v e  of t h e  s i n g l e  noble metal  c a t a l y s t s  
whi le  a codeposi t  of 75% plat inum, 25$ rhodium is apparent ly  more a c t i v e  t h a n  e i t h e r  of 
t h e  pure meta ls .  
t h o s e  obtained frm Engelhard. For t h i s  reason, t h e  absolu te  a c t i v i t y  of t h e  b e s t  
platinum-rhodium combination is less than  t h a t  of  t h e  b e s t  platinum black.  

Platinum Deposited on Carbides and Graphi t ic  Carbons 

However, borohydride reduct ion  does not  produce a black a s  a c t i v e  a s  

The borohydride r e d u c t i o n  of p l a t i w m  onto t h e  conductive s u b s t r a t e s ,  
p e p h i t e ,  t i t an ium carb ide  and tungs ten  carb ide  produced c a t a l y s t s  with moderate 
a c t i v i t y  f o r  propane a s  shown i n  Table 11. These supports  were chosen f o r  t h e i r  
e l e c t r i c a l  conduct iv i ty  ( 0  = 10-1 t o  10-3 ohm cm when measured on compressed powders), 
c o r r o s i o n  s t a b i l i t y  and t h e  p o s s i b i l i t y  of coca ta lys i s .  

The general  e f f e c t  of t h e  conductive support i s  t o  improve t h e  u t i l i z a t i o n  
of plat inum a t  l o w  loadings between 2.5 and 7.5 mg cm-2 of platinum. 
s p e c i f i c  c o c a t a l y t i c  e f f e c t  of t h e  s u b s t r a t e ,  it i s  not l a r g e  enough t o  be obvious 
frorr t h e  d a t a  i n  Table 11. A conductive support i s  necessary a t  low l e v e l s  of 
platinum, a s  t h e  u t i l i z a t i o n  of  unsupported platinum i s  a l ready  severe ly  l imi ted  a t  
10 mg cm-2. 

If t h e r e  i s  a 

The sur face  area and conduct iv i ty  of t h e  support a r e  no doubt very c r i t i c a l ,  
b u t  c m e r c i a l l y  a v a i l a b l e  c a r b i d e s  do not  present  a wide choice of t h e s e  proper t ies .  
Two s e t s  of t i t an ium and t u n g s t e n  carb ides  were s tud ied ,  I -325 mesh Tic  and W c  and 
11, 3-4 micron Tic and 1- 1.2 micron WC. 
somewhat anomalous i n  t h a t  t h e  l a r g e  p a r t i c l e  s i z e  Tic  ( I )  has  a higher  s p e c i f i c  area 
than  t h e  smal le r  s ized  m a t e r i a l  i n d i c a t i n g  a d i f f e r e n c e  in p a r t i c l e  s t r u c t u r e .  
t h e l e s s ,  platinum c a t a l y s t s  prepared from a l l  of these  supports  have s i m i l a r  a c t i v i t i e s  
w i t h  t h e  \IC supported m a t e r i a l  showing poor performance i n  hot  phosphoric ac id .  

The sur face  aTeas of  t h e s e  m a t e r i a l s  a r e  

Never- 

Graphi t ic  carbons appear  t o  b e  promising supports  providing one can be 
fobnd w i t h  s u f f i c i e n t  s t a b i l i t y  t o  chemical and anodic corrosion.  
has  shown s0Ip.e corrosion s t a b i l i t y  (8). 
t h i s  proper ty .  The r e l a t i v e l y  high sur face  a rea  of t h e  graphi tes  allows a b e t t e r  
d i s t r i b u t i o n  of  metal  c a t a l y s t  t h a n  is a v a i l a b l e  with t h e  t i t an ium and tungs ten  carbides .  

Stackpole 219XG 
Cyanamid graphi te  has  not ,been t e s t e d  for 
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Discussion 

Owiw t o  t h e  corrosion l i m i t a t i o n s  imposed on e l e c t r o c a t a l y s t s  f o r  propane 
i n  hot  acid e l e c t r o l y t e s ,  t h e  i n i t i a l  phase of t h i s  research  e f f o r t  has  been d i r e c t e d  
toward metals  of t h e  platinum group. However, t h e r e  a r e  t r a n s i t i o n  metals  outs ide 
of t h e  platinum qroup whicfi have good cor ros ion  s t a b i l i t y ,  and t h e r e  may be a number 
O f  b inary  o r  multjcomponent a l l o y s  which have much b e t t e r  cor ros ion  r e s i s t a n c e  t h a n  
t h e i -  pure metal  cons t i tuents .  Beyond chemical and anodic cor ros ion  r e s i s t a n c e ,  t h e  
pyoblem is  t o  f ind a c a t a l y t i c  source property or proper t ies  such a s  t h e  proper 
1) e l e c t r o n i c  confi i rvrat ions and e n e r g e t i c s ,  2 )  l a t t i c e  spacings o r  3 )  oxide coverage 
and s t r u c t u r e .  Unfortunately, t h e  simultaneous c m b i n a t i o n  of an e f f e c t i v e  c a t a l y t i c  
source property with cor ros ion  r e s i s t a n c e  j s  not easy.  

The e l e c t r i c a l  conduct iv i ty  of an e l e c t r o c a t a l y s t  f o r  a f u e l  c e l l  e lec t rode  
is a very c r i t i c a l  problem. Fuel c e l l  e l e c t r o d e s  should be t h i n  and a r e  required t o  
c a r r y  very high c u r r e n t  d e n s i t i e s .  Under t h e s e  condi t ions ,  it i s  necessary t o  bave 
e x c e l l e n t  e l e c t r i c a l  conduct iv i ty  from a c a t a l y t i c  s i t e  t o  a c o l l e c t o r  po in t  i n  t h e  
e l e c t r o d e  s t r u c t u r e .  It i s  remotely poss ib le  t h a t  a non-conductive c a t a l y s t  could 
he l l S P D U l  throuyh c a t 6 l g s i s  of a purely chemical s t e n  i n  t h e  e l e c t r o d e  process, b u t  
t h i s  r e q u i r e s  extremely e f f i c i e n t  and rap id  migrat ion of  in te rmedia te  spec ies  between 
conductive and non-conductive s i tes ,  a condi t ion  which i s  u n l i k e l y  f o r  complex hydro- 
carbon anode r e a c t i o n s .  A poss ib le  except ion is t h e  case i n  which a non-conductive 
c e t a l y s t  i n  t h e  e lec t rode  promotes a l o w  temperature water  s h i f t  r e a c t i o n  of t h e  
hydroca,.bon or  one of t h e  intermediates  t o  produce hydrogen which would t h e n  serve 
a s  t h e  a c t i v e  f u e l .  

The f u t u r e  of t h e  d i r e c t  hydrocarbon anode f o r  f u e l  cells depends on 
s i e n i f i c a n t  improvement i n  one or  more of t h e  followinr: areas:  

1) 

2 )  new non-platinoid c a t a l y s t s  

3 )  new j nvariant  e l e c t r o l y t e s  

b e t t e r  u t i l i z a t i o n  of platinum o r  

Optimizotion of e lec t rode  and c e l l  des ign  i s  of 
end e l e c t r o l y t e  problems remain t h e  fundamental 

kknmledgement  

p l n t i n o i d  meta ls  

g r e a t  importance, bu t  t h e  c a t a l y s t  
problems t o  be solved.  

The authors  e r e  indebted t o  H. F. Ecc les ton  f o r  most of t h e  electrochemical  
meesurements and ?I. A.  Barber and S. Arcano f o r  prepara t ion  of c a t a l y s t s .  
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